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Abst rac t .
we ])1’csc!l)t  the b?chlliqllc  of IOl)g-tc’rlll  , lligh-])rccisio]l  linlil)g  of  mil-

liscc.ond pulsars as applied to precision astrom  cl r~’. lf’c ]~rovidc  a t Ill orial
on pulsars and pulsar tilning,  as well  as u])-to-date Ivsults of a lo] Ig-tcrl  I] ol)-
scrvations  of two millisecond ])ulsars,  1’S1{ 111 S.55+ 09 and 1’S1{ II] 937+ 21.
We considcw the feasibility of tying III(I cxtragalactic  and o])tical  refcrcaw
frames  to that clefincd  by solar  syst cln ol)jwts,  and w col Icludc t hat l)re
cision astromdry  from millisecond pulsar tilnin~ \\’ill co]lti]]uc to yield ill-
Imcsting  resul ts  at an acc(’lcr:ilin,g  paw i]) tlIr  Hcxt decade.

1 .  In t roduc t ion

l’ulsars  are rapidly rotating, highly II)agnctizcd  ]Icutro]I  stars tlIiIt wnit  a
ham of liglli  that appears as a brofid-band pIIls(J  of clwtroIIIag IIct ic ra-
diation once pcr rotation period. What is now referred t o as t II(I ‘;slmv”
pulsar  population includes over 600 pl]lsars  lvit II rot atiotl  periods i II t llc
ra.ngc 33 ms < 1) < 5 s. \f’hal  is striking almut ]nost of tlIwc  soIIrccs
is that  their  rotation is (’s1 rem(’ly St itl)l~,  owing t o their Iii  rgc rot ilt ional
inertia. l{otation  periods \vil  h 12 significant di~its arr gcl)crall~’  easy 10
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mmsum in just a fcw years of observations, iiIId drc ty])ical]y limited only
by mw+urcmeat uncmtaintim.  JImvewr , III(I discovery of t lICI first ]tlillisc’c-
oncl pu]sar by IIaclier ct al. (1982) made III(’ Iilllillg  of tlIc ‘ ( s l o w ”  pulsar
populat ion seem like child’s pliIy: the rotatiotlal  lwriod of tllc ]nilliseco]]d
p u l s a r  1’S1{,111937+21 has lmm Incast]d with a fractio]lal ul]drrtaitlly  of
10-]5  (Kaspi,  ‘1’aylor  & l{yba ] 991).

Itl is this rotational stal)ility, combined 11’itll  the ]I;artli’s  motion around
the Sun, that allows  higll-])rocision ast ro]nctry  to Iw acmtl~plislld  t lIrollgll
pulsar  timing.  IN this paper, tvc rcvicli’  t II(I t(xhnique  of pulsar tinling  with
an emphasis on astromctric  applications. 11 ]nust Iw noted,  hcnvcvcr,  that
astfromctry  is only onc of many byl)rod Ilcts of tilning  olmrvat  ions. Ot llcr
equally iatjcmsting and important,  fields addrcssd  in IIigll-])recisio]}  til]li]]g
include gcacral  dativity,  cosmology,  tilno-licc])i]lg  lnetrology, intmtcllar
medium phy+ic.s, binary orl)itlal  evolution, as ~vcll as ]Icutro]l star ])llysics.

2. Fundamentals of Pulsar  T iming

2,1. ‘1’IN1lNG  OllSII:lWArI’lONS

Although a handful of pulsars  arc stIwIIg CIIOIIRII 10 allow t hr detwlio]~  of in-
dividual radio  pulses, for tlIc vasi majorily,  tlIc individual pulws  are buried
dmp  within the noise of the tclwwopc.  A si]lglc  ti]ning olmrvation  tl~crc~-
forc consists of folding the digilid  tclesco]w  sigtltil  lIIod IIlo tlIe ex]mtcd
topoccmtric pulse p~riod in a  su f f i c i en t ly  k)IIg illtcgratioll  to kat dmvn
tllc noise. This is ])articularl}’  uscfll]  Imausc  a characteristic olwrviit ional
property of pulsars is that, tllc colIrIcIIt  s(l]t]nlatio]l  of Inany i]ldiiidual
pulsm always leads to tlIe sa]ne signat (Ire, calld al I “average profilo,” lhat
is unique to that  pulsar at that c)l)s(’ri’i  ]lgfl’c(l{]c]~cy.  A fiducial poil]t  ill the
])lllSc  JJl”Ofil(\,  fOl” CXall)])lc  tllel)lllsr  ]Jrali,  tll(’I’(’fol’(’]  Jlallsil  Jly (ol’1’cs]~oll(lst{)
a. fixd point on tlhc  neutron star surfaw. l!xamp]es  of two average l)rofilm
arc given in Figure  1. ‘J’hc fiducial ]miats chosen for tllc awragc I)rofiles  in
F i g u r e ]  areiadicatwl  l>~’arlo\vs.A  sil]gl{!l  ~l]lsrt  i]~~c-of-a]]ival  (rl’(lA)COI~-
sist,s  of a wfcrence  cpoc.11 corces]mnding 10 tllc a])])roxill]ate  lIiilf-Ivay  Imitlt
of the integration, togctllcr  Ivitll  a fraclio]l of Illc I)UISC ]wriod at Ivlii(ll  tll~
fiducial pointarrived.

]’ulsar  timing  consists of ol)t aitling  a SUIU(IIICC  of ‘l’OAs, s])acd  tjrl)ically
by several weeks,  over t,lle  mllrsc  of really Ino]lt 11s 01 years. If plllsar 1’01 ilt ion
pwiods  asol)scrved  on l’hrtll did nolclIa]Ig(’  (tllilt  is, iftll(’ l’hrtl] Jv(’r(’ Ilot
accelerating with respect to tl)c pulsar and ])ulsars  did IIot 10s(’  (111(’ rgy),
t,hc”l’OA  sccIIIcIIc.c\II~oulcl  Iwverysinlplc:  tllercwou]d  al~rayslwal)  illtogral
number  of periods Iwtlwcwn olmrvatio]]s, with olIly  very sIIIall  deviatio]ls
resulting from mcasurmnent  errors. ll{)l!’(’J’(’l,l  ifcis]l(’tersi  ]ll])lc’,  aIId Iwforc
tl~c stability of ])ulsar  rotalio]) call I)(I olwrvcd, OIIO ]]]ust account, for a
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Figure J. Awragc profiles for 1’S1{s  111855+09 aIId  I119:J7-+?l  at 1:4 and 2.4 G}lY
rcspcctivc]y.  Arrows  ildicat.c tlw fi(l(](ii)l IYTCTCIICC poil)ts  for  i imil)g.

11111111X3’ of Syskmatic Cfi’ms.

o(t)= =~(())+  vi+ ~i//2++i;/”-t . . . . (1)

W11CN2 q$(~)  is the rotation ]JIIiIs(I  ill cyclrs al limo 1, // S ]/]> is 1]](, l’otalio])
fm]amcy, and 1; and i; arc tl]e Yolatioll  fqll(~]lc.v  first and second clcriva-
ti\’cs, ’J’llccocfficicllts  ill tl]iscxpa]]siol]  can bC1’Cliltt’d  toeaclI  othcrifsomc
physical mocle]  for tlIcI rotation is asslllllc(l. 1>01 a rotalillg  lna~tle{ic  dilwlc
moment,  M, classical elect]c)(ly]lall]ics  says t hc tot al radiat  d ]mvcr  T is
~ivcn by
s,

2(Msin fI)2(2TV)’1
P =“ ------ :.(:, - - - - - - , (2)

where n is the angle bdwwII  tlIe spill  a]ld di]mlr axes , a n d  c is lIIC  SIN’( ’(I of
light,. Setting the rate of 10ss of kind  ic ellcr~y cqaal 10 tlIc radiat  cd Imv’cr
yiclils

8nz(Msi]~ n)z
ti = –- --y--- -~ -- -- 1/ :3.

J] d
(:3)

l’a]sar  timing  allows  tile IIlraslIrelIIcl  It of tlIc I ])a IallIetcrs  v, ti, and o c c a -
sionally i;, ‘1’hcsc i]) tara can IN IISN1 to cstimalc  various otl Icr qaalll  ities
of inkrest.  IJor cxam])]c,  tlIc cl)aractcristic  s])iwdo~fr])  agc T of a pulsar  call
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be mt,imatcd  from T =  –v/21),  and tlIr lnaglldic  dipole mOIIIeIIt  M  caa
h e s t ima ted  v ia  l’k]uation 3. It can easi ly h shown that  i; frolI] dil)olc
radiation is negligible for lIlwl  pulsaw,  illcludia~ all IIlillisccoacl  pIIlsa Is,

2.3. ‘l’Ill: OIMI;IWA’1’OI{Y  l\l:lJII:l{l(:N(  ~lI: 14’l{AMIJ

‘1’llc awuratc mcasurcmcat  of tlIe intrinsic spin paralIlel et’s v and I> depends
crucially on the transformation t o tl]e neutron  st fir’s rmt frame.  If 1 Ilis is
not done c.orrcdly,  the spill  parameters will Iw colltanlillald  I)y t IIC rela-
tive acceleration, A transformation to tllesolar sysletn barycenter  is most,
mpeclicat<  and insufficient for all disk ]Julsars that  am Dot ii] I)illarim  (tlIosc
in globular dusters S[lfrel  sigl]ificant  accelcratiol]s  ill the cluster  ])otcnt  ia]
that  arcdifl]cult  to model) ;  tllc a]}])roximat)ioll  Illat tllc Laryceater  is not,
accckwatcd with respect to the pulsar rest frame is lIIorc aCCU1’ilt(’ for closer
pu l sa r s .  An cxccl]cnt review of tile tlal~sfoll~~ati~)ll  is givcl)  ill IIiiclicr  aIId
IIellings (1986). WC l~ridly discllss  tlI(I  main ]~oiats  IICNI.

An infinite frcqueacy  arrival lime IL at tlIc solar S.SSICIII  lMryccI~teI  is
specified  by

r.fi (1’.fi)~-lrl~  1)
Ib=t+  _;_ +.._

2(Y]
---lji A[;,.,-A.  s(,, (4)

where i is tl~c observed to]mcelltric  ‘J’OA, r is a ~“rctor  from tlIc lMr J’cclI  -
tm to the phase center  of tlie telesco]wl aIId fi is  a  utlit  vector frolll tllc
l~ar~~celltcrtotllc’  pulsar. ‘1’11(’  t(’llllsf(’;lt~llitlg  tllr vwtor r awalso rcferrd
to as tlIc solar systcm “l{oclncr delay. “ ‘1’lIe  obscrvilig fre(luel]cy  f is II ICa-
SUIW1  in t h e  lmryccntric  rest fralllc, aIId tllc de])clI(lclIcc  of tllc tilnc delay
on j–2 is a result of the ionized intcrsiollar  ])lasma.  ‘ll IIC ‘{l(;illstcin  delay>’
term, AJ,;O, isa combination (Jfgia~~it;~tiollal  rdsllift  ii]}d tilnr(lilatioll  ef-
fectsdllc  to tllc motion of the l;artll  illld otll{’lol~j(~clsill  tlIc solar Systeln.
‘1’hc  “!3hapirod  clay” term,  A,s~l, charactcrizw tlic~earral  relativistic CUr-
vaturc  ofspacctimc  near the S1111. ‘J’lIc  correct calclllat ion of all tlIc al)ovc
tllcrlllsrctlllil-csall  accllratc]  )lall('ta  lyc']>llclll('lis;  lt'(~lls (Jtll(\.lc>t l’m])ulsiol]
ljalJoratory’sl  J1’1200e ]Jllc]llcris(  Stall(lisli  1982).

2 . 4 .  IIANI)I,ING  IIINAI{}’  I’(JI,S.41{S

IJor pu]sars  having binary  cot~lpalliolls , aII additiol)al tl:lllsfol’ltlat.ic)ll  is rcl-
q u i d  since it is the binary  center  of  n)ass that  lIiis  il Slllall  ilCC(’1(’l’atiOll
wi~]] I,cspcct to the Solal’ SJKtQlll  lX1l’J’CQlltCr. A total of fiw li@viaII I)a-
ramckrs  arc ncwssary  to descrilw a biliary orl)it:  tllc orl)iial ]wriod, tile
orbi tal  w.mmtricity,  tl]c Iongitudr  of pcrids  troll, tlic cpoclI  of pcriaslron,
and thcI projcckd  semi-major axis of the pukar  orbit. III SOIIIC  ])ulsar l~i-
nary systems, “1’ost-licplcrian”  l):ll;illl(ltels,s[lcll  astil]lo-(l[’liva  tilc’softllc”
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l<cplcrian  ]mramcters,  IIIUSt also 1)(’  itlcluded.  I)(II ails of’ 1 IIc ])ara]l)et  rizti-
tion using various relativistic I)iaiiry  Iilodrls  arc +llllllllill”iZ(’d  I)y ‘1’iiylor  alId
\4’cislmrg  (1 989).

3 .  r’u]sar T]ata a n t ]  ]’M2C;S;O11  Astromchy

What should k clear from l’k]uation 4 is tllal tl)c ]msitioll  of the plllsar
plays a key role in the timing  modrl.  lmagiac  a ])ulsar in t h e  e c l i p t i c  at
some ecliptic, longitude. If tile ‘1’OAS  fro])] lllat ])(llsiil  arc l)ot corrected for
l’lartll’  slllotioll,  dclaysaad advances  will IX IOIXXINWI s[lcI)  tliat th(’difr(~r-
cauw  lwtwcwn the IIloclcl-])leclict(”cl  arrival titncs a]ld tl]c olwnw]  a r r iva l
times,  that is, the ‘(residuals,” lvill  conlaia  a systrtnatic  sillc  Ivavcof  ]wrio(l
1  yr wi th  a phase tl}at clc]wnds oa tl)e Ioagiludr. ‘1’11(1 all)l)liludc oftllat
sillo  wave wil l  I)c almllt  .’1S() s (cc)ll{’s])()]l{litig to tlIc ljartl)-Slill distal  lcc),
]nuc]l  larger than  all know]) pulw lwriods. IIy fitting  oNt (Ilis sillc  wfi~.c,  a
wry accurate ecliptic longitude is ol)taillcd. If tllc ]Julsar  is ]lot cxaclly  ill
tl}e ecliptic, the sine wave aln])liludc is mlucml,  ;iIl(l tile fit dctcrlninw Ilic
c’cli])tic  latitude as w]], Small alll]~lilllde  l-y] sill{’  lvaJos ia rcsi(lllals  call
Leased tofillct lll}ctl~efi  t]~ositi(~ll.

‘J’his  measamncnt  can k doac  Ntilh  [J]J1)](IC(I(I(IIII(ICI  ])rccisioll: i f  tl}(’
input  pulsar position is wroll~  by wI”, t]loaltlluitl  sialwoid  llilsalll])litlld~

N] IIls,sofor]llllsarslttitll  ‘1’().4 Iltlcottailiti(’s{)fa  fmv ]lls, lllr ]mitio]l  call
lw know]] ideal ly to willlia i] fclv arcsccollds af((’r {)I)IJ olI(’ year, Jf’illl tll(’
unce r t a in ty  dcmvsing  as tllc SqIIatYJ  I’(X)I of tllr Ic]]gt]l  of IIIC data sl)il]}.
l“or milliscconc]  pulsars, tJT])iCill I;)l)il)g Illlccrtililltiw al’(’  tlll”CC ol’{1(’l’s  Of’
magaitudo  slnallcr , so far greale  I acctlracy is (~asily acl]jcved.  IJol’ cxaln])lc,
after  9 yr of  timing  1’S1{ 111937+ 2] wit]l  it~dividual  ‘130A ullccrtaillties  o f

. “.
N().2 //s, the posltmn unc(’rtainly  is aroull(l  .50 /Ia Iw(Ic ill t II ( I  ref(Jr(IIIc(I
fralncdefinccl  bytllcl)l’200  l)lall{’talyc  j)ll(’lllc’lis.

lftllc]~tllsall  lasaslll~sta  llti:ll  ])lo])cll~ lc)ti(~ll, tll(’lc’slll[  ill tllrmsi(lua]s
will be a sine waveof litlear]y  illcrcasillg  al~]])litudc.  At a distallcc  or 1 Ii])c.
a  pulsar  moving with tyl~ical  tl’illlSI’Cl’SC l’clocitj 2 0 0  lilt) S–l llil,~  I)ro]ml

l))otioa  40 mas yr-”l. ‘J’bus, it is quit{’ di[(icult {0 dolcct ]) I(II)(JI IIlotiolis
of slow plllsars from tillli]lg  lll(’il  Slll’(’lll(’l)t  St lIo\vcv(Ir  lhosc of IIlillisccolld
p u l s a r s  arc easily ol)taiawl.  lkIcaIIsc ])lllsiirs  arr ofl’ectivcl~’  ]millt  sollrccs.
l)ulsar proper  Illotio]lsalc!als{) lttcasaral~k’ wsit)g  illt(’lft’]c)lll(’tli(  lccl)iiiqum
(e.g. llarrisol~, l,yl~cal~[l  AndvwolI  1993).

Also, ifthcpu]sar  isclosccmough,  a 1]1(~11~(’i]t’stllollgllt  call coaviace  you
that, fyomctric  parallax, wllicll  has its ~1’(’ill(%t  dr(l(t \YIICII tlIc lhrtlI  SUII
lilleis  ])er])cllclicllla  rtotllc  ])lllsal-Sltll  lific. tl[atist l~’icc] )(t~f’al,r( >lsllltsili
a sine wawof period 0.5 yr. (’1’llisdr(~d  is ])rccis(~ljr  CIcscrilmd  I)y llIc swond

l{ocmcrtmmin 1’;(].4)  .’I’llC  ])ill’allaX  (’flt’(’t istiaycve]l  l)J’])[llSal’  Stilll[l;ll’(lS:
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for a pulsar  ia the plane oft IIc cclipt)ic  at a diSlilllC(’  of 1 k]x,  Illc a]n])lit  Ildc
of the parallax signal  n is only 1,2 1/s. A Ii}cJ:isLll(IltlLI]]t  of m is quite valual)lc
llowcver,  since it allows a direct,  gcomcirical  (l(’t(’]’llli lliltioll  of tllc distallcc
d to a pulsar, via n = 1 /d. A t itili~lg  parallax ltas  Im’]t me:w~Itcd fbr ottl~’
onc pulsar, 1’S1{  1]1 855-{-09, discussed Imlmr. l’ukl’ parallax(% call  also 1)(’
measured dircctjly  using Vljl]l  ((; winn (t f//, 19 S(i),

4. Recent  Results  from A recibo

Vire now dcscribc  rcccnt  results from a long-  tcrli~, IIigll  prccisiol)  Illillisccond
pulsar timing  project, doac at tile 30.5-1]1  dish at Arccibo, l’uvrto  l{ico.  lli-
weclily  timing  observations for I.v’o millisecond ])lllSiil’S,  1’S1/s 11”18.5.5+-09
al~cl ])]937+  2] , am clcscrilwd  in detail in Kasj)i, ‘1’a.Jlor aI~d l{yl)a ( 1 991)
(hcrcaftm  K’I’1{94),  IIi.gh-prccisioa  timing  of 1’S1{ 111 S.55+ 0!3 wtis Ixg(,,) i])
1986 at Arrcilm  at 1.4 (;IIz, and has yielded daily-averaged arrival lilllc
allccrtainticm  of WI ~(s. l)ata for 1’S1/ II1937+2J  gom hck to 19S 1 at  I .]
and 2.4 Gllz, with daily -avera@ ‘1’(JA llllcc’ltt~il}ti(~s  of +).2 I(S. ‘1’llc [Iiita
sets analymd  by 1{’1’1{91 include arrival tit)lm ol)taitlcd  llIIollgl I 1 lIc (’1)(1  of
1992,  although  hcm wc illcludc  (Iata t l~rouKII  l]lc ctld c)f 199:~, All ‘J’(),\s ill
thd analysis are rcfcrrcd to llrl’(~.

1’S1{ 1]1855+-09 is a 5.4 INS plllsar in a 12 day circular  I)illar}’  orl)it  with
a white clwarf. ‘1’llc pulsar’s celestial coordinates and ])ro]wr motio]l  arc
dctmminecl with uncertainties of’ ().1 3 ]nas and ().07 ll}as  Jrr- 1 reslx’ct  i~rclyl
in ihc rcfcrcace  frame  defined I)y tllr J]’],  1)1’200” plaactary cpllclneris.
1’S1{ 1118.55+-09  is the only pulsar  for which a significant lt]e:lsllltIlllcIllt  of
timing  J)arallax  has bma  made. ‘1’llc pulsar’s astrolllctric  ]mralllrtm’s  arc
listed  in ‘1’able  1. ‘1’11(’ residllals ilft Cl’ renloval of t 11(’ I)cst spill, ast l’olllet  r i c
and binary  paramete rs  arc SI1OWH  ill l~igurc  2. ‘1’llc msi{lllals  arc clrar]y
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dominated by random, Galls siilll  lt)[’asllr(’ltl(~llt  ul)certaintics  Irllicll  illdirate
that the 111 O[1CI describes tllc {Iilta ufoll. ‘J’lle slight IIi]lt  of a cul)ic  sigtlal is
apparent  if t,l)c plot is Ilcld at a dis(allce; t Ilis  Ivill  1x2 discussed Iwlo{i’.

—.. .. —— . . . .. ——. -.
}’s1{  111855+  0{) 1’s1{  111!).37+ 21

_—— —_ ..— ——— .—-.
a (Jmoo) 18}’ 57’” 36s.39:+51  5(4) ] 9“ :)()’” 3,’s’.5(;0211 ( 2)
6 (Jmoo) +-09”13’17“.32:{70(1 2) + ?1”:)1’50’’.11170  (.1)”
/10 (mm  y-’ ) –2,[)1 (4) --. o.l:3  ~(N)

/IJ (mas yr-] ) –5.48(6) --(),45?(9)

7r (Il)as) 1 .0(3) <(). ?0
——

1’S1{  111 937+-21 was the first discm’ercd  atld is still t]lc fmtrst  Iit)mv]]
millismond pu]sar, having  1 ’  = 1.5 IIls.  11 sl)o]vs  llo cl’idcllce for a I)illary
companion. 111;200 cclmtial coordinates and pro]wr IIloliolj  were lncasu  rwl
with uncertainties of 0.05 nlas and ().()1 l)las J’r-l ,  and tll(’  iilllllliil  ])ill’iilliiX

w a s  found to h 7r < ().2() lnas. ‘1’llv  Iwsl  fit astrolllctric  ])~l’illl)(>tol’S  arc
S h o w n  ill ‘J’able 1, and t,llc  rcsidllals after  Slll)tl’ii  Cti  Oll of tllc Ix%t Ill(J(l(’l
i n c l u d i n g  astromctric  and spill  ]“)al’illllot  Cl’S arc sllov’11  in l~igurc 3. ‘1’llel’c
is an obvious cubic t)rcnd  iii tlic residuals tliitt itl{licalcs  our JtIodcl  dom
not, compkldy  mode] the rotation  of tile n~utroll  star. li’1’1{94  addrmstllis
issue in d e t a i l ,  and dclllollstratc  that  altllollgll  tllcrc aw seveIal ]wssiblc
origins of the “noise, ” “)nclllding  planetary c’])llclllcris  crrc)rs, a ])rilllordial
background ofglal’iiatiollal  Ivavcs, CIOCli  (’1”1’01’S, 01’ S0111(’ 1)()(  )1’1~ lllld(’I’St  OOd

interstellar propagation plIcnol I)cnol  I, tl)e ]I)ost  Iikcly  origil)  is ii]tri]lsic  t o
the pulsar  itself.  ‘11110 lower-level cul)ic  (Jf(l])])osit(’sig]]  ii] tllc residuals for
1’S1{ 111855  +-09 sll])]loIt  tllisarguillcilt.

It SIIOIII(I  I)(’ notd  Il)at  \vc’ llil\)(’  I])inil)liy,(d  tll(’ eff(’cl  tllwc  (l(j\riiltiOll  S

f~O1ll tJhC simple spin-dmv]l  lllOdOl  IlilTr(’  011 tll(’  ilstl’olll(’tl’i(”  ]H1’illll(’1(’l’S fO1’
1’S1{  111855  +-09 and especially 1’S1{  111937+21 I)y “])1(’-lvllitc’llillg,”  that is,
by including sufficiently many IIigller  ol(lelfl(  ’[lllellcy dcrivativm  to rrlidcr
the rmiduals  random  when drterl]lilling  tllc astroltlclric  I)ill’iilll(’t (’l’s.

5 .  Frmne Ties  md the Future
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I’igtlW  5’. I’osbfit l’(’SidllillS  f[)l 1’S1{  111937-I  ? 1  iit 2.4 (;1 17.

systcm objects,  A t ,  4 0 0  MIIz, 1’S1{ 111 937+-21  is a 210 m.ly soIIIrc aII(l s o
is easily olxwrvable  with \~ljlll tw.-ll)lifllios. 111(1 (’(’(1 IIill’t(’l  (1 (//. (1 990) llitV(’
observed tile pulsar and Ol)tiiill Nl a J’1,111 lmsilio]l  suit al)lc for H fralnc tic.
1’S1{ 1]1 855+-09 hy c.onl Iast is only ~t”l me]y al 400” h’lllz, and so is not
Wc]l-sl]itcc]  to this  technique.

An optical dcktion  of ii pulsar  or, mow likely, of tl)c con)])iiniolls  to
binary  millisecond pulsars, can in principle provide a tic Tvitll tlIc’  ol)tical
mfcrcnm  frame. AltlIouglI  under  10% of tlic S1OIV l~ulsar jwl)ulatiolt arc ill
binary  systmms, well over 75% of disk nlillisccoa(]  ])lllsal%  ill’C ill l~i]larics,
with the majority haviaga  potentially o])tically  olmrval~lc co]n]mllioli.  ‘J’l Ie
detection of optical companions to Inillis(’colld  I)(llsals is illSO  iatcresting

from an m’o]utionary p o i n t  o f  vi(J\v  (Iilllliill’lli (/al.19 W). ‘J’llc a(l\(’llt of

11S’1’  and other scwsitiw  instrulncnts  sl]cll as tlIc Ii(’Cl{ ‘Iklesco]x’ will k
a  grcatj  bOOll tO thC detection  o f  cvell vcIy faint  cotllpaniolls,  as lv(.l!  ils tO

improved astro]nctry for  briglltm sources.

O]]c]~e\\’lj~clisc.o\’crcd  millisecond ]~~lls:llc lcs(’]\’(’s]l oticc’.l’  Sll.JO~37-’l7l5,
discovmd  by Johnston cIoI. (1993), is a .5.7 IIIS ])lllsiil’  ill a .5 day circular
binary  orbit,  with a whik dwarf,  It is  a  very I)rigllt 6 0 ( )  IIIJy solIrcc  at
400 Ml]z,  and is also OIIC of the clowst l)ulsars  to tlIe l’hrt)l,  witl) aII c,s-
timatwl  distance  of only 140 IK. ‘I’l Ic soIIIcc \\rill I)r easil~ dctcctal)lc  by
V],]]],  and fllltl]cr]]lor<:,  tll(’])  ~llsar’sco  ll)])allio])  llilSilll’(’~(1~ 1)(’(’11 det(’cted
optically by l)aazigcr et (Il. (1993).  AlleI  OHIJ tivo j’cars of tilni]lg.  tlIc tim-
ing position and proper ]]lotioa lIavc IX.WII lIIe:lsu  Iwl \vitil  Illlccrlaitllics  of
4 masand 3 masyr-’ res]mtively  (lkIll c/ fIl. 199.5).

‘I’llc]]ll]]ll}  crof]llilliscc[)  llcl l)lllsal(liscc~~’eli(’s  IIassky-]c)ck(’t{’cl  ill rcccl)t
years  (see l~ig. 4) owing pri]lcipa!lj’  to faster  col Il])ulrrs.  ‘1’llerc is (’very
rcaso]] to bdicvc  that milliseco]ld pulsar  lillling will lx’ a Im)lning  industry

in ilIc years  to c o m e ,  and that  prccisc  ])osiliolls  and pro]wr Illotiolls  will
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PSR B1 855+09 at 1.4 GHz PSR B1 937+21  at 2.4 GHz
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